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The angular size of a star is a critical factor in determining its basic properties1. Direct mea-
surement of stellar angular diameters is difficult: at interstellar distances stars are generally
too small to resolve by any individual imaging telescope. This fundamental limitation can
be overcome by studying the diffraction pattern in the shadow cast when an asteroid occults
a star2, but only when the photometric uncertainty is smaller than the noise added by at-
mospheric scintillation3. Atmospheric Cherenkov telescopes used for particle astrophysics
observations have not generally been exploited for optical astronomy due to the modest opti-
cal quality of the mirror surface. However, their large mirror area makes them well suited for
such high-time-resolution precision photometry measurements4. Here we report two occul-
tations of stars observed by the VERITAS5 Cherenkov telescopes with millisecond sampling,
from which we are able to provide a direct measurement of the occulted stars’ angular diam-
eter at the ≤ 0.1 milliarcsecond scale. This is a resolution never achieved before with optical
measurements and represents an order of magnitude improvement over the equivalent lunar
occultation method6. We compare the resulting stellar radius with empirically derived esti-
mates from temperature and brightness measurements, confirming the latter can be biased
for stars with ambiguous stellar classifications.
When a solar-system object, such as an asteroid or the Moon, passes in front of a star as
viewed on the celestial sphere, it provides a powerful tool for studying both the occulting object
and the occulted star2. As viewed from the ground, the rapid drop in the observed intensity of
light is modified by diffraction fringes preceding/following the edges of the central shadow region
of the obscuring object. Above a minimum angular size6, the extended disc of a star will modify
and reduce the intensity of the diffraction fringes, diverging noticeably from the pattern of a point-
like source, until it reaches angular diameters where the background object is fully geometrically
resolved and the diffraction fringes disappear. A fit to observable diffraction fringes thereby en-
ables a direct measurement of the angular size of the star, even though this may be far below the
imaging angular resolution limit of the telescope. Observations of stellar occultations by asteroids
are frequently used to determine the properties of an asteroid7 (size, shape) and are also theoret-
ically capable of angular size measurements well below the 1 milliarcsecond (mas) scale that has
ultimately been a limit to the lunar occultation technique. In fact, benefitting from the increased
distance to the occulting surface with respect to the Moon, they should have an even smaller poten-
tially achievable resolution. However, to date, there has been little success in measuring asteroid
occultation diffraction fringes to make such angular size measurements.
On 22nd February, 2018 the asteroid (1165) Imprinetta occulted the 10.2 V-magnitude (mV )
star TYC 5517-227-1, with the shadow path predicted to have a 50% chance of detection from the
Fred Lawrence Whipple Observatory (FLWO), where the Very Energetic Radiation Imaging Tele-
scope Array System (VERITAS) is sited. The four 12 m diameter imaging atmospheric Cherenkov
telescopes (IACTs) of VERITAS act as effective “light buckets” to collect the fast, faint emission
of Cherenkov light generated by particle air showers initiated in the upper atmosphere by very-
high-energy cosmic radiation. This large mirror surface also makes VERITAS a very sensitive
detector for high-time-resolution optical photometry following a recent upgrade of the camera’s
2
central pixel monitoring instrumentation (see Methods for details). Distinct diffraction fringes
were detected during ingress and egress, as shown in Figure 1 a,b respectively. This marks the first
time an occultation has been measured using an IACT and successfully demonstrates that these
instruments are indeed capable photometers for optical astronomy.
Knowing the distance and velocity of the asteroid, and accounting for the optical bandpass of
the detected photons, allows us to find the stellar angular size that best fits the observation, assum-
ing a given radial intensity profile of the occulted star. The interference of different wavelengths of
light accepted by the detector also reduces the intensity of the diffraction fringes, representing the
largest systematic uncertainty to the size estimate. However, the high signal-to-noise ratio provided
by the large light-collection area of the IACT mirrors and the multiple independent measurements
provided by each telescope allow us to discriminate with high confidence the effect of the star size
even with a wide optical bandpass (∼ 120 nm) photodetector6, 8. At the time of the occultation the
exact classification of the star remained somewhat ambiguous from spectral data alone. Follow-up
observations with the Michigan-Dartmouth-MIT (MDM) Observatory determined its spectral type9
to be K3, either main sequence or an evolved giant. The diffraction pattern measured by VERI-
TAS constrains the uniform disc approximation of the star’s angular size to be 0.125+0.021−0.022 mas,
as shown in Figure 2a. Once the measured parallax distance10 of 820 ± 40 parsecs (pc) is taken
into account, the angular size measurement determines the radius to be 11.0+1.9−2.0 R, as shown in
Figure 3a, which when combined with the effective temperature from the spectral measurement
unambiguously establishes it to be a K3III giant star. Limb or gravity darkening11, 12 would cause
the true radius of the star to be slightly larger than the uniform disc value, but by an amount that is
smaller than the bounds of the measurement uncertainty we obtain here (typically below the 10%
level13, 14).
In Figure 2a there is some, but not a significant, hint of a mismatch between the best fitting
model of ingress and egress measurements, possibly indicating both sides of the asteroid may not
be equally well modelled by an identical straight-edge assumption, and thus potentially implying a
potential systematic difference between the two edges. The effect of an irregular occulting surface
has been studied in the context of lunar occultations3, 15 with the conclusion that such effects could
be significant in special configurations, albeit generally unlikely. If we assume that any surface
irregularities on an asteroid would act to distort the diffraction pattern in a similar fashion to those
on the lunar limb, then at a sufficient scale they will also tend to modify the fringe intensity15,
which in turn leads to a mis-estimation of the stellar angular size. Taking our optical bandpass and
assuming the features to be perpendicular to the line of sight means we can constrain any surface
irregularities at the level of ≤3% of the asteroid radius. Although it is possible, indeed probable,
that irregular limb features at this level would be present on (1165) Imprinetta, it is unlikely that we
would be able to retrieve the exact limb profile from these data alone as fit solutions are unlikely to
be unique15. Any mismatch between the data and considered diffraction models is unlikely to be
due to different components of a stellar binary system being resolved as there is no corresponding
step function in the lightcurve that would be the characteristic signature of multiple components in
a system.
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Figure 1: Ingress and egress light curves for both asteroid occultations. a: The light curves
of the ingress of the (1165) Imprinetta / TYC 5517-227-1 occultation, with the best-fit diffrac-
tion pattern (red line) and theoretical point-source model (dashed blue line). Each telescope light
curve is normalized such that the unocculted and occulted intensity levels correspond to 1 and 0
respectively, with an added y-axis offset between telescopes for clarity. The combined (averaged)
residual with respect to the point-source (grey empty squares) and best-fit (black filled circles)
models are shown in the bottom panels. Vertical error bars are defined as the 68% containment ra-
dius, including systematics. b: The same for the egress of the (1165) Imprinetta / TYC 5517-227-1
occultation. c: The same for the ingress of the (201) Penelope / TYC 278-748-1 occultation. d:
The same for the egress of the (201) Penelope / TYC 278-748-1 occultation.
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Following the success of the Imprinetta observation, on 22nd May, 2018 an occultation of a
9.9 mV star, TYC 278-748-1, by the 88 km diameter asteroid (201) Penelope was observed with
a predicted 29% chance the shadow zone could pass over FLWO. Again, the diffraction pat-
tern was clearly detected (see Figure 1c,d) and the star’s angular size directly measured to be
0.094+0.009−0.010 mas, as shown in Figure 2b. This is consistent, within errors, to uniform disc angular
size estimates from the Tycho16 and JSDC17 catalogues. With the measured parallax distance10
of 215 ± 2 pc, we establish the star to have a directly determined radius of 2.17+0.22−0.23 R. The
measured effective temperature10 of 5768+74−115 K, places the spectral classification as G (similar in
spectrum to the Sun, a G2V). The only available estimates of the radius to make such a classifi-
cation are from empirical fits to measurements of the effective temperature and luminosity in the
Kepler K2 Ecliptic Plane Input Catalog (EPIC)18 and Gaia DR2 Final Luminosity, Age and Mass
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Figure 2: Individual and combined stellar size measurements. a: Stellar size measurements
of TYC 5517-227-1 from each ingress and egress light curve assuming an uniform disc profile.
Vertical lines show the final stellar size measurements with their 1-σ uncertainty regions (dashed
lines), obtained from the combined χ2 minimisation of all available measurements (see Methods
section for details). Horizontal error bars refer to the 68% containment radius associated to each
measurement individually. b: the same for TYC 278-748-1. Only two of the telescopes were used
for this analysis.
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Estimator (FLAME)10 catalogue, at 1.415+0.503−0.371 R and 2.173
+0.055
−0.089 R respectively. The radius we
measure places it as a sub-giant (IV), clearly favouring the Gaia DR2 estimates in a manner that
is independent of the degeneracies in the assumptions associated with inferred radius estimates19.
As the K2 EPIC targets are known to mis-classify a significant fraction of subgiants as dwarfs16,
hence systematically underestimating their radii, this is entirely consistent with our findings. This
knowledge does impact the choice of database to use, for instance, in estimating the size of transit-
ing exoplanets from the radius of the host star20, with Gaia DR2 appearing more reliable than the
Kepler estimates.
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Figure 3: Comparison of the angular size measurements and stellar radius estimates in this
work compared to those available in the literature. a: Angular size as a function of stellar
radius for the parallax distance of TYC 5517-227-1 as determined by Gaia Data Release 1 (light
grey band) and Gaia Data Release 2 (dark grey band). A model estimate of the stellar radius from
Gaia FLAME is shown by the red hatched box, the best-fit angular size from our measurements
is shown by the blue stippled box, and the estimated uniform disc approximation stellar radius for
our best fit angular size at the Gaia DR2 parallax distance is marked by a cross. b: The same for
TYC 278-748-1, with the addition of the angular size estimates from the Tycho16 (magenta box)
and JSDC17 (cyan box) catalogues and the radius estimate from the Kepler K2 EPIC18 catalogue
(orange diagonal-stripe box).
The diffraction pattern fitting technique has been successfully exploited with lunar occulta-
tion measurements6, 8, 21 to measure stellar angular diameters down to the∼1 mas level, particularly
toward the red end of the optical spectrum (λ > 600 nm) where background light from the Moon
is minimised. Up to now, measurements of stellar angular diameters below 1 mas have instead
been largely reliant on interferometric measurements. Amplitude interferometry21–23 observations
are again largely limited to the redder end of the spectrum due to atmospheric scintillation noise
effects ultimately limiting the ability to correct the optical path length to the necessary fraction of a
wavelength. Intensity interferometry21, 24 is an alternative method free from scintillation noise and
so able to extend into the blue end of the optical spectrum, but very large mirror surfaces are also
required and the technique is intrinsically limited to only the measurement of bright, hot sources
6
(historically m≤ 3, T≥ 10, 000 K, but more sensitive instruments are in development25).
The angular size as a function of distance for all stars with direct size measurements to date
is shown in Figure 4a. The measurements presented here represent a factor of 10 improvement in
angular size resolution compared to the standard lunar occultation method and are also a factor of
at least two smaller than available interferometric size measurements21, 26. Remarkably, this places
these direct measurements of the angular size in the same region of parameter space as the empiri-
cally derived estimates of angular size for stars that are being used as unresolved point sources by
interferometers for calibration21, 26. The closest measurements in angular scale, again larger by a
factor of two, come from the occultation of the +2.5 mV β Sco system by Jupiter27, and the occul-
tation of the star SAO 115946 by the asteroid (3) Juno28 in the 1970s. Both of those measurements
benefited similarly from the large distance to the occulting object, but were extremely limited by
high levels of scintillation noise in the telescope’s data leading to large (' 50%) uncertainties (and
also limited to an observation of a very bright, rare, object in the case of β Sco). Our uncertainty
(∼10% level) is currently limited by the signal to noise ratio within the diffraction fringes from our
initial relatively simple broadband set up. Implementing a narrower band filter would be a way to
reduce dilution of the fringes and potentially further improve the accuracy of these measurements.
Asteroid occultation shadows regularly pass over the Earth’s surface, with the potential num-
ber of occulted stars per year exponentially increasing with the apparent magnitude as you progress
to fainter stars. The shadow paths are predicted by combining star catalogues with the orbital
ephemerides of known asteroids with a precision usually comparable to the asteroid size. The
problem with exploiting these occultations is that only ' 7% of them have a ≥ 20% chance of
actually being observed from any fixed location, making them difficult to catch with the kinds
of large, non-portable, telescope that are necessary to resolve the fast moving deviations in the
shadow signal over the scintillation noise introduced by the Earth’s atmosphere. However, a tele-
scope capable of detecting an occultation of a 10th magnitude star can view, on average, 5 viable
occultations per year, increasing to almost 1 per week for occultations of 13th magnitude stars.
The faintness of the objects that we have observed, shown in Figure 4b, also represents nearly an
order of magnitude increase in distance, when compared to stars of similar radii, that have had
their angular size directly measured. This means we are not limited to nearby, bright objects and
so greatly increases the volume of space, and variety of stars, that can be sampled through this
technique. In summary, the improved sensitivity provided by IACTs greatly increases the chances
of observing an asteroid occultation from a fixed site to a rate sufficient to obtain a viable sample
for population studies for use in areas such as stellar evolution modelling1 or transiting exoplanet
radius measurements29. The imminent construction of the Cherenkov Telescope Array25, 30 opens
the way for many exciting opportunities in high time resolution precision photometry with IACT
arrays in the near future.
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Figure 4: Comparison to the available directly measured stellar angular size measurements.
a: The angular size as a function of distance for all stars with direct measurements21. The asteroid
occultation measurements are marked with stars, this work in black, the (3) Juno occultation in red;
amplitude interferometry measurements by open green triangles; intensity interferometry by blue
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Methods
Instrument, observations & data reduction
The Very Energetic Radiation Imaging Telescope Array System (VERITAS) is sited at the FLWO,
with its primary research focus in the area of particle astrophysics relating to the ground-based
detection of very-high-energy (VHE) γ-rays31, 32. The system is comprised of four 12 m diameter
segmented reflectors each viewed by a camera of 499 photomultiplier tubes with a 0.15◦ pixel
field of view closely matching the optical point spread function5. A set of up to 16 pixels per
camera have been recently upgraded to monitor the DC light level in the field of view with a
commercial DATAQ DI-710-ELS DC voltage datalogger with 14-bit resolution and sampling rates
up to 4,800 Hz. For the Imprinetta proof-of-principle observation we limited the data throughput
to 300 Hz (3 ms between samples) and for the Penelope observation this was raised to 2,400 Hz
(0.4 ms between samples). The datalogger and the Cherenkov data acquisition can be used for si-
multaneous optical and gamma-ray coverage. The datalogger only has a coarse non-synchronised
clock for timestamping the samples, so background pixels were used to compare the time of shoot-
ing star events moving through the Cherenkov camera, which has its events timestamped with a
GPS clock. This allowed absolute timing corrections accurate to the level of 0.02 s to be made
to the DC light level samples. For a telescope of diameter D and sampling time t, the intensity
fluctuations from scintillation noise33 scale as ∆I/I ∝ D−2/3/√t, which means the 12 m VERI-
TAS telescopes with millisecond sampling should have noise levels at least 20 times lower than a
portable 50 cm telescope equipped with high frame rate video (∼60 Hz).
Diffraction pattern analysis
An asteroid intersecting the line of sight between the observer and a star casts a shadow moving
at its projected velocity. The edge of this shadow, instead of having a sharp boundary, shows a
diffraction pattern produced by the asteroid limb. Taking into account the distance (∼ 4 × 1011 m)
and size of these asteroids (tens of km), the diffraction pattern produced, as a first approximation, is
equivalent to that of an infinite straight edge34, which in the case of a point source can be expressed
as
I(x) = IBG + I0
∣∣∣∣∣
∫ x
−∞
cos(
pir2
Lλ
)dr
∣∣∣∣∣
2
+
∣∣∣∣∣
∫ x
−∞
sin(
pir2
Lλ
)dr
∣∣∣∣∣
2
 , (1)
where r and x are the distance to the centre and edge of the geometric shadow respectively, I0 is
the signal intensity produced by the star, L the distance to the asteroid, and λ the wavelength of
the photons collected. This shadow is detected by VERITAS as it passes over FLWO with speed v
(11.8 and 2.2 km/s for Imprinetta and Penelope on their respective dates), measuring the diffraction
pattern imprint as a function of time. A star of diameter d at a distance D has an angular diameter
δ = 2 arctan( d
2D
). This size is projected into the asteroid shadow to a size dproj = L tan(δ),
producing a smearing of the pattern on such a scale. Therefore if dproj is comparable to the Fresnel
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√
Lλ/2, the distinct smearing of the pattern (in the simplest case, assuming a uniform disc)
allows us to directly measure the star diameter. The power of asteroid occultation over lunar
occultation relies on the difference in distance between the Moon and main belt asteroids (a factor
∼103), which translates into a ratio between the projected star size and the Fresnel scale ∼ 30×
larger.
Apart from the size of the star, several effects influence the theoretical fringe pattern expected
from these occultations35: the optical bandwidth detected smears the pattern (mainly after the first
dip), while the asteroid velocity v and the occultation angle θoccult (angle between the asteroid
trajectory and occulting surface) modify the time scale of the detected pattern by v cos(θoccult).
Given the negligible uncertainty of main belt asteroid trajectories, the principal uncertainty on the
theoretical diffraction pattern considered in the analysis is the optical bandwidth of the VERITAS
detectors. The main parameters affecting the measured photons are the star spectrum, the atmo-
spheric transmission36, the mirror reflectivity37 and the photomultiplier tube’s quantum efficiency38
(all wavelength dependent). As IACTs rely heavily on detailed Monte Carlo simulations of both
the atmosphere and ray tracing, these parameters are well understood. Spectral templates39, 40 were
used to model both occulted stars, corresponding to the spectral types K3 and G0 for Imprinetta
and Penelope occultation respectively. Combining all these contributions, the resulting optical
passband is a 120 (140) nm band centred at 470 (450) nm for Imprinetta (Penelope). This effect
was included in the analysis by convolving the weighted monochromatic diffraction patterns over
the resulting optical bandpass. The systematic uncertainty of this distribution was tested, modi-
fying these contributions within their expected variance. The first fringe (the most constraining
part of the pattern) is barely affected (below ∼1% in flux) while starting from the second one
uncertainties reach up to 5% in flux.
A χ2 minimisation method was applied to find the model best describing the observed pat-
terns. Each pattern was fitted independently (i.e., four ingress and four egress for Imprinetta)
leaving the time of occultation and the occultation angle as free parameters. Only the region of
time in which the theoretical point-source diffraction fringes are expected to deviate from the uni-
form flux profile was used to calculate the χ2 values. A full parameter profiling over the free
parameters was performed in fixed steps of assumed constant star sizes (68 steps between 0.01 and
0.35 mas) for each pattern. All distributions from the same occultation were then combined and
final p-values were calculated from the resulting χ2. In the case of the Penelope occultation, only
data from two telescopes were used, as the other two were being used to test alternative observing
strategies, which resulted in data incompatible for use in this analysis.
Data Availability The datasets generated and/or analysed in this study are available from the correspond-
ing authors on request.
Code Availability The computer code used to analyse the data in this study is available from the corre-
sponding authors on request.
13
31. Weekes, T. C. The Atmospheric Cherenkov Technique in Very High Energy Gamma-Ray
Astronomy. Space Sci. Rev. 75, 1–15 (1996).
32. Hinton, J. A. & Hofmann, W. Teraelectronvolt Astronomy. Annu. Rev. Astron. Astrophys. 47,
523–565 (2009).
33. Dravins, D., Lindegren, L., Mezey, E. & Young, A. T. Atmospheric Intensity Scintillation of
Stars. III. Effects for Different Telescope Apertures. Publ. Astron. Soc. Pacific 110, 610–633
(1998).
34. Jennings, J. K. & McGruder, C. H., III. Comparison of the Disk Diffraction Pattern with the
Straight-Edge Diffraction Pattern in Occultations. Astron. J. 118, 3061–3067 (1999).
35. Nather, R. E. & Evans, D. S. Photoelectric measurement of lunar occultations. I. The process.
Astron. J. 75, 575–582 (1970).
36. Daniel, M. K. Application of radiosonde data to VERITAS simulations. International Cosmic
Ray Conference 3, 1329–1332 (2008).
37. Roache, E. et al. Mirror Facets for the VERITAS Telescopes. International Cosmic Ray
Conference 3, 1397–1400 (2008).
38. Gazda, E., Nguyen, T., Otte, N. & Richards, G. Photon detection efficiency measurements of
the VERITAS Cherenkov telescope photomultipliers after four years of operation. J. Instrum.
11, P11015–P11015 (2016).
39. Pickles, A. J. VizieR Online Data Catalog: A Stellar Spectral Flux Library: 1150 - 25000 A
(Pickles 1998). VizieR Online Data Catalog 611 (1998).
40. Kesseli, A. Y. et al. An Empirical Template Library of Stellar Spectra for a Wide Range of
Spectral Classes, Luminosity Classes, and Metallicities Using SDSS BOSS Spectra. Astrophys.
J. Suppl. 230, 16–37 (2017).
14
